In an earlier paper (Mannings & Sargent 1997) we presented evidence for disks of gas and dust associated with seven Herbig Ae stars, based on high-resolution interferometric millimeter-wave observations of continuum and molecular line emission. These systems are simultaneously high-mass analogs of the approximately solar-mass T Tauri stars and the evolutionary precursors of the prototypical main-sequence debris disk sources , L? Pic, CY Lyr and CY PsA.
Introduction
Herbig Ae stars are young emission-line stars in the pre-main-sequence phase of evolution, with masses of around 2-5 &, (Herbig 1960; . Their properties are described comprehensively in excellent reviews by P&ez si Grady (1997) and by Waters & Waelkens (1998) . In common with T Tauri stars (TTs) of later spectral type, they are often found in association with nebulosity, exhibit strong metallic and Balmer spectral lines, have energetic stellar winds, often display rapid photometric and spectroscopic variability, and show continuum excesses above photospheric levels. For the TTs, continuum excesses from IR to mm wavelengths are due to thermal emission from grains in circumstellar disks (see reviews by Beckwith & Sargent 1993a; Strom, Edwards & Skrutskie 1993; Sargent 1996). In contrast, excesses observed towards Herbig Ae stars have been variously interpreted (see the review by Natta, Grinin & Mannings 2000) . Explanations include emission from grains distributed in compact circumstellar disks with radii of several hundred AU (Hillenbrand et al. 1992; Natta et al. 1997) , grain emission from extended envelopes with radii -lo4 AU (Berrilli et al. 1992; Di Francesco et al. 1994; Miroshnichenko, Ivezic, & Elitzur 1997; Pezzuto, Strafella &-Lorenzetti 1997) , and emission from combinations of small disks and large envelopes (Natta et al. 1992; . The fact that each of these geometries is equally successful in fitting the continuum spectral energy distributions of Herbig Ae stars is due principally to low angular resolution, typically 10" to 30" at far-IR and mm wavelengths.
In an earlier paper (Mannings & Sargent 1997 ; hereafter Paper I), we described the first results from our interferometric mm-wave continuum and line survey of Herbig Ae stars at resolutions of 2" -5". Compact continuum emission, centered on the stars, was detected in all seven of the sources observed. Most of the dust regions were not spatially resolved, with typical upper limits to radii of about 300 ACT. Estimated masses of circumstellar dust and gas were in the range 0.00.5 to 0.034 Molecular line emission was detected -3 -from compact regions centered on four of the stars. In the two spatially resolved cases, HD 16:3296 and AB Xur, ordered gas velocity gradients were observed, consistent with Eieplerian rotation in a disk. For these objects, aspherical gas morphologies, negligible optical extinctions, double-peaked mm-wave line spectra, and narrow linewidths also argues for orbiting material in disk-like configurations. By analogy, we argued that the nebular environments of the entire sample probably include substantial disk components. This was subsequently confirmed for the star MWC 480 using higher resolution measurements and kinematic modeling (Mannings, Koerner, & Sargent 1997 ).
The measured masses and radii for Herbig Ae disks appear remarkably similar to those for the disks surrounding the TTs (Paper I). The latter disks have masses of between 0.001 and 0.1 &IIo, and outer radii typically in the range 100-500 AU (e.g. Beckwith et al. 1990, hereafter BSCG; AndrC & Montmerle 1994; Koerner & Sargent 1995; Osterloh & Beckwith 1995; Dutrey et al. 1996; Sargent & Koerner 1999) . We suggested in Paper I that, for stars of spectral type A0 and later, the bulk properties of circumstellar disks during the early stages of pre-main-sequence (hereafter pre"S) stellar evolution may be independent of stellar mass. Here, we test this conclusion using new observations of four additional Herbig Ae stars, as well as higher frequency observations of two targets from Paper I. In $2 and 53 we describe the selection of sources, and give details of the observations. The results are presented and analyzed in $4, and discussed in $5.
The Sample
For the reasons given in Paper I, we continue to concentrate on stars of spectral type
Ae rather than Be. (Scoville et al. 19933) . Continuum and spectral line maps -7 -were generated and ClLEANed using the NR.40 AIPS package. Lncertainties in fluxes and source positions are estimated to be about 20% and O"..J, respectively. The average la rms noise levels on the continuum maps are 2.1 and 7 . 3 mJy beam" at X = 2.6 and 1.3 mm, respectively. For the spectral line channels, the average la rms is 0.10:3 Jy beam" ( A u = 0.6.5 km s-l) at CO(2-+1), and 0.124 J y beam" (Av = 1.3 km s-l) at CO(l+O).
Results and Analysis

Continuum Emission
Unresolved continuum emission was detected from all targets except the distant source LkHa 259. Contour maps are presented in Fig 1, and measured flux densities are given in Table 2 . Column (4) of Table 2 lists upper limits to r.adii, corresponding to half the FWHM of the minor axes of the synthesized beams. Assuming the source distances in Table 1 , these limits range from 80 AU for CQ Tau to 1625 AU for NacC H12.
Within the errors, the continuum peak and the stellar position are spatially coincident for each Herbig Ae system. We therefore assume that all compact continuum sources in our sample are centered upon the target stars.
-Our measured flux densities provide rough estimates of the masses of circumstellar material, assuming that emission at mm wavelengths is optically thin. Then, where d is the distance to the source, and K is the mass opacity coefficient at frequency v.
Assuming a gas-to-dust ratio of 100, by mass, and I C , \ = O .~~~~~ = 0. Table 2 , and they range from 0.009 Mo (CQ Tau) to 0.234 Ma (MacC H12) . Note that, for p = 1 and X = 3 mm, K = 0.0083 cm2 g-l, which is significantly higher than suggested by the results of Pollack et al. (1994) . The mass estimates presented here may therefore be conservatively low, probably by a factor of 3-4.
Using these measurements of mass and radius, we can compute values of Av along the line of sight through a given continuum source to the central star, as in Paper I. In Table 2 we list '4v for uniform density and freely-falling spherical envelopes. The extinctions range from around 20 to 250 magnitudes for the physically unlikely case of uniform density envelopes, and from 400 to >lo00 magnitudes for envelopes in free-fall. Such values are far in excess of extinctions implied by the spectral types and observed colors, which are in the range 0.2 to 5.6 (52 and Table 1 ). This suggests that most of the observed dust is distributed aspherically about the Herbig Ae stars, perhaps in the form of disks. are not circularly symmetric. CQ Tau is not spatially resolved. For all three sources, the separation of the stellar position and the centroid of the gas structure is much less than half the beam size. As for the dust regions, we assume that the molecular line emission arises in gas that is associated with and centered upon the stars.
Molecular line emission
Elliptical Gaussian brightness profiles were fitted to the maps of integrated intensity and then deconvolved from the Gaussian beams to obtain the radii at half-maximum intensity listed in column ( 6 ) of Table 3 . The semi-major axes are 245 AU along PA = l l S " ?~ and 4250 AU along PA = 13S0+3" for MWC 758 and MacC H E , respectively, assuming the distances listed in Table 1 . For CQ Tau, we obtain an upper limit of 85 AU for the radius of the gas structure. The semi-minor axis of the molecular emission from MWC 758 is 170 AU.
From the aspect ratio, we obtain an inclination angle of i X cos-' ( '" /245) x 46" (where 0" is face-on). MacC H12 has a semi-minor axis of 2870 AU, suggesting an inclination angle i X 48".
The right-hand panels of Fig. 3 show greyscale maps of the spatial distribution of intensity-weighted mean velocities across each of the three gas structures -i.e. first-moment maps with respect to gas velocity. Such maps are crude in the sense that at each point we characterize the full range of gas velocities along the line-of-sight by just one value, but they provide a useful probe for ordered bulk gas motions if the major axis can be identified unambiguously (cf. Koerner & Sargent 1995; Koerner 1997 higher than half the line width, or 1.3 km/s, for the spectrum shown in Fig 2, and it is substantially less than the theoretical infall velocity Vinf=&Kep=2.7 km/s. Keeping in mind that these calculations are rough, and that they involve a mix of quantities derived from a spectrum, a map and the H-R diagram ( § 5 ) , the fact that vob < v~~~ < Vinf argues for gas moving in Keplerian orbits around MU'C 758. These arguments cannot, however, be applied to CQ Tau, where the emission is spatially unresolved and the inclination angle
is unknown.
Total masses of circumstellar gas can be determined from the bbserved velocityintegrated emission, JS,,d.v, and the following conversions (cf. Scoville et al. 19S6) for CO( 1+0) and CO(2+1), respectively:
-11 -where S, is in units of Jy, TI is in km s-l, rx is excitation temperature, r is optical depth in the given line and X is fractional abundance, relative to molecular hydrogen. In the optically thin limit, the mass is straightforwardly calculable; here, only lower limits to masses of molecular hydrogen can be computed. These are presented in column (9) of Table 3 , where we have assumed for all four sources an excitation temperature of 40 K. The fractional abundance of CO is taken to be lo-*.
The computed gas masses in Table 3 disagree, sometimes by orders of magnitude, with those determined using our continuum flux densities (see Table 2 ). Dutrey et al. 1996) . Suggested causes are CO depletion onto grains at low temperatures, or contributions to observed line emission from optically thick regions of molecular gas (Dutrey et al. 1996; Sargent 1996 and references therein). Mass determinations based on observations using optically thin line emission from other CO isotopomers or other molecules are probably necessary to clarify this issue. In the meantime we assume that the continuum fluxes, which are very likely optically thin, provide more reliable estimates of the masses of circumstellar material despite uncertainties in the value -12 -
. Discussion
The observations described here identify compact sources of millimeter-wave emission centered upon most of the Herbig -4e stars in our sample. As in Paper I, we see directly that continuum and, in several cases, molecular line emission arises from material located typically within a few hundred AL of each target. Estimated masses of circumstellar gas and dust, based on the continuum measurements, would lead to V-band extinctions of up to lo3 magnitudes and more if the circumstellar material is distributed spherically.
Observed values of Av are in the range 0.2 to 5.5 (Table l) In this case, we anticipate a Class I SED (Lada 1987) , rising sharply at far-IR wavelengths.
However, the IR-mm SED of MacC H12 (Pezzuto et al. 1997) Observations with greater sensitivity and better resolution are clearly required to search for multiple sources and to examine gas kinematics in more detail.
All objects in our present sample are plotted a3 filled circles in Fig. 4 . Sources from 'Spectral types were converted to photospheric effective temperatures using the the results of Cohen & Kuhi (1979) . Uncertainties in Teff were estimated from the range of spectral types claimed in the literature for each Ae star. Stellar radii and luminosities were derived by fitting dereddened optical magnitudes. Uncertainties in luminosities were estimated using both the range of spectral types and the known optical variability (Thi et al. 1994) . Theoretical pre-MS mass tracks and isochrones plotted on the H-R diagram in Fig. 4 Within the set of sources discussed here and in Paper I, can we discern any trends of disk properties with age and stellar mass? Figure 5 shows plots of circumstellar mass and source radius as functions of stellar age and mass2. Because of the uncertainties, we exclude MacC H12. No correlations between circumstellar mass and stellar age, or between circumstellar mass and stellar mass, are evident in Fig. 5(a) and Fig. 5(b) . The same conclusion was drawn for TTs disks by BSCG for the same range of ages. The mass range for Ae disks in the present work is within the mass range of Paper I, and this range is indistinguishable from the masses of TTs disks (Table 4) . Disk masses may therefore be independent of stellar mass from M 0.5 to 4 Ma. Disk radii extend across a range similar to that measured for TTs disks (Table 4 ). In Fig. 5(c) , disk radius appears to decrease with age, but the trend relies heavily upon the first and last data-points (AB Aur and CQ Tau, respectively). The radius of CQ Tau's disk is by far the smallest of any of the Ae systems imaged to date, and is also smaller than any of the TTs disks (cf. Koerner & Sargent 1995, and Sargent & Koerner 1999) . While CQ Tau is the oldest Ae star in our sample, we are reluctant to attribute the small size to disk evolution, given the limited sample here. The disk may simply be at the low end of the range of masses and radii exhibited by Ae disks.
Likewise, the sample size prevents any firm conclusion to be drawn from Fig. 5(d) , where there appears to be a correlation between Ae disk radii and stellar masses. derived from spatially unresolved continuum measurements, while the radii are from the CO images. However, the two derived quantities essentially characterize the same source: since the density profiles rise sharply with decreasing radius, most of a disk's mass is contained within the unresolved region measured by continuum observations. At the same time, dust and gas are spatially coincident out to the CO radius, although the emission of the dust falls off more rapidly. Second, from the perspective of disk properties, stellar age and stellar mass are not necessarily independent parameters. Given a sufficiently large sample of stars with a good spread in both age and mass, it should be possible to explore the variation of disk mass and disk radius with respect to, separately, age and stellar mass. We have therefore used our small sample here to make only a first step in searching for trends.
Summary and Conclusions
As a follow-up to our study of seven Herbig Ae systems (Paper I), we have imaged four additional Ae sources at high spatial resolution and mapped two of the original seven sources, MWC 758 and CQ Tau, in the 1.3-mm band to achieve higher resolution. Thermal continuum emission from dust was' detected from all except one source, LkHa 259, which is very distant. Molecular line emission was measured toward MacC H12, as well as from MWC 758 and CQ Tau. All detected dust and gas regions are centered on the target stars.
The dust regions are not resolved and we place upper limits to radii ranging from 80 AU Table 2 . Table 3 . aSources are from Paper I and the present work. MacC H12 is excluded.
'From results of Koerner & Sargent (1995) .
1.3-mm flux densities from Beckwith et a l . (1990) : see Paper I.
